Abstract-An efficient and complete electromagnetic scattering model for multiple tree trunks above the ground is presented. The individual trunks are modeled by finite-length stratified cylinders, with an external corrugated bark layer. The ground is modeled by a dielectric half space underneath the cylinders, with a slightly rough interface. The spatial distribution of the cylinders is random over an elliptic illuminated area, and their lengths follow a Gaussian distribution. Moreover, cylinders are randomly oriented with a variable degree of noncolinearity, and the ground can have an arbitrary orientation. The scattering results provided in this paper consider the summation of all scattered fields from the trunk-ground sets as a response to the incident field. Results have been computed for the mean square error of the bistatic scattering pattern, by means of a Monte Carlo simulation.
I. INTRODUCTION
T HE REMOTE electromagnetic characterization of the earth's vegetation cover has been in recent years a major field of research as a consequence of the increasing climatic changes [1] . Several models describing vegetated surfaces from the electromagnetic point of view have appeared, grouped as discrete scatterer approaches, random medium models, and radiative transfer models (see [2] ). It has been shown from vector radiative transfer theory [3] that the backscattering from a typical forest canopy at low microwave frequencies and/or when the crown layer is tenuous is dominated by the groundtrunk interaction. Therefore, in such cases, a simplified and accurate model only should include the tree trunks and the ground. Physically, it can be considered as a distribution of finite cylinders overlaying a half space. Moreover, the slope and roughness of the ground should be taken into account since it has an important effect on the observed scattering characteristics [2] . It has been also shown that the multiple scattering from cylinders overlaying a dielectric half space is highly dominated by the first-order solution (i.e., the coherent sum of the scattered fields by each cylinder as a response to the incident field and the interaction with the dielectric half space) and that the interaction among cylinders producing higher order solutions is only of significance when they are very close together [4] - [6] . In practice, trunks are positioned on the ground following a random uniform distribution with fractional surface densities of the order of 0.1%. Then, the firstorder solution is sufficient to obtain accurately the scattering from the layer of trunks.
The method presented in this paper is divided into two parts. The first part deals with the characterization of an individual trunk-ground set. It has been solved by using the electromagnetic scattering model presented in [1] . This model was discussed in [7] , and here some changes have been introduced. The second part is the algorithm for computing the response of the distribution of trunk-ground sets, and it is based on the one presented in [5] . The model presented in this paper is, then, an improved combination of both methods. As explained below, some additional characteristics have been added to enhance the final model attending to its usefulness and completeness. In [1] and [5] , the main simplifying assumptions of the methods and their range of validity were stated. Interested readers can consult these references for further explanations.
In [1] , the eigenfunction expansion in conjunction with the equivalence principle and the physical optics approximation were used to characterize a stratified finite-length cylinder with an external corrugated bark layer above a tilted smooth ground plane. The effect of the ground plane was modeled by using a reflection coefficients matrix and image theory to compute the extra path lengths of each contribution of the groundtrunk interaction. The cylinder and the ground plane could have arbitrary orientation. Here the smooth ground plane is substituted by a rough dielectric surface, so that the reflection coefficients of that surface in the specular direction are a function of the incidence angle and the rms height, and they are computed using a physical optics surface scattering model [8] . Once the individual trunk-ground sets are characterized, the multiple scattering is obtained by coherently summing the individual scattered fields by each trunk-ground set, each weighted by a phase factor obtained from its position. Finally, the mean square error of the bistatic scattering pattern has been computed in the results by using Monte Carlo simulations. This method corresponds to the first-order solution shown in [5] .
This paper is organized as follows. The individual characterization of a trunk-ground set is outlined in Section II. Then, Section III shows the multiple scattering algorithm. The numerical results and their discussion are described in the last part of this paper.
II. TRUNK-GROUND CHARACTERIZATION
The characterization of an individual trunk-ground set is made by means of a scattering matrix that relates the incident and scattered fields [1] . All fields are decomposed into vertical and horizontal polarization by employing the forward scattering alignment (FSA) convention [9] depicted in Fig. 1 . According to this coordinates system, the vertical and horizontal polarization of the incident and scattered plane waves are defined by (1) where defines the incidence direction and defines the scattering direction.
The scattering matrix relates the incident and scattered fields in the following way: (2) where is the frequency wavenumber and denotes the distance between the observation point and the trunk-ground set. Hereafter, a time dependence of the form will be assumed for all fields. This scattering matrix provides the scattered field by the trunk-ground set in the far-field region in a given scattering direction as a response of a plane wave incidence with a given incidence direction , i.e., . Assuming that the cylinder and the ground plane are in the far-field region, the effect of the ground plane interface is taken into account only by including the mirror image contributions.
Thus, the trunk-ground response can be decomposed into four main contributions: direct scattering from the trunk , scattering from the trunk later reflected from the ground , scattering from the ground later reflected from the trunk , and scattering with ground-trunk-ground path [1] . Hence
Explicit expressions for these matrices can be found in [1] and [7] , in which the importance of including the last contribution (ground-trunk-ground) is also described. A reflection coefficient matrix has been used to relate the incident and reflected wave by the ground surface in the specular direction (4) Using a coordinates system defined according to the ground surface, the reflection matrix is given by (5) where the vertical and horizontal polarizations of a plane wave are defined by (6) (7) The coefficients and are the coherent field reflection coefficients from a surface with a Gaussian height distribution [8] . In this paper, the zeroth-order approximation has been employed for simplicity's sake, but higher order corrections might also be applied. The zeroth-order expression is (8) where the polarization subscripts are either or , the angle is both the angle of incidence and reflection, is the rms height of the surface and coefficients, and are the Fresnel reflection coefficients of a smooth surface with the same dielectric properties [10] , [11] . The change to the global coordinate system (with polarization vectors and defined according to the axis, instead of to the direction) is naturally displayed as a matrices product. Thus (9) As a result of this coordinate transformation, the local slope of the ground with respect to the plane will induce a cross-polar component, being and nonzero. The scattering matrix characterizing the individual tree trunks (a stratified dielectric finite-length cylinder) can be computed by two methods: the eigenfunction expansion in conjunction with the equivalence principle and the physical optics approximation. Both are detailed and compared in [1] and [7] and not shown in this paper due to the space constraints. 
III. SCATTERING FROM THE DISTRIBUTION OF TRUNKS

A. General Problem Arrangement
The multiple scattering problem is illustrated in Fig. 2 . Multiple tree trunks are positioned over a tilted dielectric ground plane. The lengths of the trunks ( ) follow a Gaussian distribution with mean and standard deviation, and their positions ( ) are uniformly distributed over the illuminated area of the ground surface so that the fractional surface of the illuminated area occupied by trunks is , defined as (10) where area occupied by trunks; illuminated area; radius of the cylinders; number of cylinders inside the illuminated area; , axes of the elliptic illuminated area. The orientation of the trunk th is defined by the unit vector , expressed as (11) where and are elevation and azimuth inclination angles, respectively, of trunk th. In the Monte Carlo simulation, follows a Gaussian distribution with zero mean and standard deviation, and is uniformly distributed in . The transmitting antenna is supposed to produce an elliptic beam (spotlike coverage). The lengths of the axes of the incident beam in the plane defined by are (ground range) and (cross range), respectively (see Fig. 3 ). Direction and amplitude of these axes are defined by vectors and , as follows: (12) (13) where and are the polarization vectors defined in (1). The radar antenna footprint is defined by the projection of the elliptic beam over the ground plane, following the direction pointed by . The axes of the projected ellipse ( ) can be found by means of geometrical methods. Once the axes of the illuminated area are obtained, uniformly distributed random points ( , ) are placed over this area, where satisfies (10) and is given by The position of the trunks will be employed later in the multiple scattering algorithm for weighting the summation of all the individual scattered fields.
B. First-Order Solution
The multiple scattering problem consists of tree trunks. Trunk th is a stratified dielectric finite-length cylinder with an external corrugated bark layer, positioned in , its height is , and it is oriented as pointed by . Once all matrices , , are computed as described in Section II, the first-order solution for the multiple scattering problem is simply obtained.
The plane wave illuminating the layer of tree trunks is (17) which can be expressed in a reference system local to trunk th. This change in the reference system does not affect neither the polarization vectors and nor the directional vectors , . In this local reference system, the incident plane wave is
The scattering matrix relates the scattered field by the interaction between trunk th and the ground plane in the far-field region to the incident wave in the following way:
and (21) The scattered wave is now expressed in the original reference system, giving 26) where matrix is the multiple scattering matrix that characterizes the layer of tree trunks over the ground plane.
As it was stated in the introduction, the first-order solution is an accurate and efficient approximation that allows the creation of a realistic model with stratified, corrugated, noncolinear cylinders over a tilted, rough ground plane, rather than the simplified model used in [5] .
IV. RESULTS AND DISCUSSION
Numerical results have been computed using Monte Carlo simulations with 50 realizations to guarantee their random features. The displayed value is the mean square error of the bistatic scattering coefficient [5] , defined by (27) where angular brackets denote average over realizations, is the illuminated area, and represent, respectively, the input and output polarizations.
The and coefficients as a function of the elevation observation angle are shown in Fig. 4 for a uniform distribution of vertical homogeneous dielectric cylinders ( , ) of radius cm and length cm, overlaying a straight smooth dielectric half space ( ). Wavelength of the incident plane wave ( , ) is cm, and the spot-like coverage ground and cross ranges are cm. Cylinders occupy % of fractional surface in this case. This arrangement represents the simplest case, and most values for the involved parameters have been taken from [5] for comparison. All results obtained with the present model are in perfect agreement with those shown in [5] . This validation allows the development of a more complete model (i.e., including stratified cylinders, corrugated bark layer, tilted and rough ground plane, and noncolinear cylinders). Hereafter, all values of the parameters remain constant in all the examples in which no other values are specified.
The bistatic scattering coefficient when all trunks are equal and colinear is the bistatic response of an individual trunkground set weighted by the array factor of elements positioned at , . Thus, the mean square error of the bistatic scattering coefficient is the mean square error of the array factor. As shown in Fig. 4 , the mean square error of this array factor has a dip in the specular direction because the scattered waves of the trunk-ground sets are in phase in the specular direction independently of their positions. On the other hand, the maximum error in the array factor occurs for the backscattering direction, where the dependence of the phase difference among the scattered waves of the trunkground sets with their positions is maximum. Therefore, the Monte Carlo result is mainly the response of an individual trunk-ground set but with a dip in the specular direction and a peak in the backscattering 3 dB higher due to the mean square error of the array factor. If a theoretical infinite illuminated area was used, the peak in the backscattering direction would become a delta function. However cylinders are distributed over an elliptic antenna footprint so that the peaks in the backscattering and specular direction are both of finite angular width. It is also observed that the bistatic scattering is higher in the vertical polarization than in the horizontal, due to the different response of the individual cylinders to each polarization. There is a relation between the angular width of both maxima and the ratio wavelength over cylinders average length, as it was already shown in [5] .
The next results show the sensitivity of the bistatic scattering pattern to all of the involved parameters, so that the effect of each parameter in the overall result can be studied separately. Fig. 4 , where 1.5 GHz ( 20 cm). When frequency grows and trunks become larger electrically, the "sinc" behavior of the trunks produces an increasing lobulation. In fact, the argument of the "sinc" is directly related to the trunks electrical length, appearing the double number of lobes when frequency is doubled. The response raises both in the back and specular directions when is increased; this is because trunks reflectivity increases when the radius becomes electrically larger. The response also increases in the specular direction when is increased, but it decreases rapidly in the backscattering direction up to 10 dB lower than the backscattering level. This is also due to the response of the individual trunk to each polarization, depending on the radius in terms of the wavelength [1] , [7] .
The influence of the ground tilt in the bistatic scattering response is presented in Fig. 6 . The slope of the ground plane is characterized by a directional vector , which depends on and (elevation and azimuth inclination angles, respectively). If is zero, in the scattering response for a typical small elevation angle , the backscattering maximum disappears because cylinders are not perpendicular to the ground. However, the specular maximum and its dip are still present in the response, although shifted due to the ground tilt. If the azimuth inclination ground angle becomes nonzero, a high cross-polarized signal would appear as it occurs for an individual trunk-ground set [1] . Note that, in real forests, the cross-polarized signal is dominated by the scattering from branches, as was shown in [2] .
Another realistic feature of the model presented in this paper enhancing the model in [5] is that trunks may be stratified. In this case, the amplitude of the scattered signal will be modulated by the effective impedance of the stratified cylinders. In Fig. 7 , trunks are modeled by two-layered and three-layered cylinders. The outer layer of the cylinder has a relative permittivity in all cases, while the inner layer permittivity is . High loss tangents mean a higher conducting behavior. Fig. 7 shows the effect of the introduction of an intermediate highly lossy layer. Although it is a very thin layer, trunk reflectivity increases drastically. This three-layer model for a tree trunk is the most realistic one: the external layer represents the bark, the inner layer is equivalent to the core, and the intermediate thin layer corresponds to the layer of liquid nutrients of trunks, which is highly conductive. This model can be further enhanced by modeling a three-layered cylinder with the external bark layer corrugated. The effect of a corrugation pattern in the external layer of the trunks was examined in [1] , in which the periodic longitudinal grooves are modeled with a percentage of the bark layer occupied by grooves and the grooves depth. The corrugation acts as an impedance transformation, reducing the scattering in the horizontal polarization, while the vertical polarization remains almost unchanged because the grooves are longitudinal. This comment is also valid for the multiple scattering results computed here. The length and orientation of tree trunks have been constant in previous results ( , ). Thus, the mean square error of the bistatic scattering was exactly the response of a single trunk-ground set weighted by the mean square error of the array factor. In Fig. 8 , the standard deviation of trunks length is set to cm and compared to the case of . The effect of this variability in trunks length is a softening in the dips of the scattering pattern, due to the averaged interference of the different responses of all trees. Fig. 9 shows the effect of the noncolinearity of trunks. Up to now, trunks were all vertical and thus parallel one to another. This situation is compared with that of trunks randomly oriented, with following a Gaussian distribution with zero mean and 7 of standard deviation, and uniformly distributed in . With this situation, the backscattering peak disappears due to trunks not being normal to the ground plane, thus disappearing the corner reflector situation. The peak in the specular direction remains unchanged because the array factor does not vary, and there is a high level of cross-polarized signal also due to trees not being normal to the ground plane.
The elevation incidence angle is the varying parameter in Fig. 10 . According to the elevation incidence angle, the backscattering and specular peaks are shifted so that their separation is greater or smaller. For instance, for , both peaks are overlapped. In Fig. 11 , the ground plane is modeled with different degrees of roughness, from a smooth ground plane ( ) to a rough ground plane with rms heights of , , and cm. This growing roughness produces an exponential decreasing of the ground specular reflection coefficients for both polarizations [see (8) ], which supposes an equally decreasing in parameters and . The sensitivity to changes in the shape of the incident beam is examined in Fig. 12 . The reference situation is that of the previous examples in which the ground and cross ranges were equal. When the cross range is reduced by a factor of four (1 : 4 case), there is very little variation in the results. However, when the ground range is reduced by a factor of four (4 : 1 case), there is a significant drop in the specular peak. This is because the array factor depends on the scalar product , and in the displayed result, has no cross-range component. Therefore, the mean error of the array factor is reduced when the ground range component of the trunks positions is smaller (as in 4 : 1 case), but it is not affected by the cross-range component of these positions. In directions close to the backscattering, is very high, and therefore a reduction in the ground range component of has very little effect. The displayed result is normalized by the illuminated area, so that variations in this area (and therefore in the number of trees illuminated) have no effect in when the shape of the incident beam is not modified. However, when the fractional surface of the illuminated area occupied by trunks is modified, the number of trees inside the illuminated area varies, while the normalization factor (illuminated area) in is kept constant. This is what happens in Fig. 13 , where the fractional surface is 0.1, 0.2, and 0.5%. When increases, there are more trunks and the error of the array factor increases, thus increasing the level of because the normalization factor remains the same. Note that, if the density of trunks increases, the interaction among trunks becomes important and higher order solutions for the multiple scattering problem should be computed.
V. CONCLUSIONS
An efficient, complete, and realistic model for multiple tree trunks above a tilted rough ground plane is presented in this paper. This model is an improved combination of the model presented in [1] for a single tree trunk above a tilted ground plane and the model for multiple vertical dielectric cylinders above a dielectric half space from [5] . The set of a rough ground plane and a randomly oriented stratified finite-length cylinder with an external corrugated bark layer was characterized by means of a matrix that provides the scattering in the far-field zone. The model presented in [5] was developed, and it proved that for the realistic case of uniformly distributed cylinders the interaction among trunks need not be analyzed, and the first-order solution is a very good approximation. Then a more realistic model was developed, obtaining the first-order solution in an efficient way.
Results depict the mean square error of the bistatic scattering coefficient, as a function of the scattering elevation angle, averaged through Monte Carlo simulations. New features have been analyzed in this paper, in which a more realistic model has been used. It has been observed that the bistatic scattering pattern is highly dependent on the geometry of the problem (lengths and radii of the trunks), the tilting of the ground plane may make the peak of the backscattering direction and the dip in the specular direction disappear, and the variability of the trunks lengths and orientation produce, respectively, a softening effect and a high cross-polarized signal. Dielectric characteristics of the trunks and an additional corrugated bark layer have been analyzed as well as the roughness of the ground, the incidence elevation angle, and the fractional surface of the illuminated area occupied by trunks.
The scattering model developed in this paper allows a complete study of forest canopies since many parameters can be customized and many features have been added to simulate a realistic layer of trunks above a rough tilted ground plane. However, more features could be added in the future, like the presence of branches over the tree trunks. Moreover, a comparison with empirical data should be done to verify the validity of the model.
